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Photochemistry and Vibrational Spectra of Matrix-Isolated 5-Ethoxy-1-Phenyl-H-Tetrazole

Introduction

Much attention has been devoted to tetrazole-based com-
pounds due to their wide range of practical applications. The
tetrazolic acid fragment-CN4H, exhibits physical character-
istics similar to those of the carboxylic acid groupCO;H,
but is metabolically more stableTherefore, the design of
surrogate compounds bearinr@N;H groups instead of COH
in biologically active molecules is a commonly followed
approach, for instance in medicinal chemistijhe free N-H
bond of tetrazoles makes them acidic molecules, and not
surprisingly it has been shown that both the aliphatic and
aromatic heterocycles hav&pvalues that are similar to those
of the corresponding carboxylic acids (4.8.9 vs 4.2-4.4,
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A combined matrix isolation FT-IR and theoretical DFT(B3LYP)/6-311G(d,p) study of the molecular
structure and photochemistry of 5-ethoxy-1-pheriyHegtrazole (5EPT) was performed. A new method of
synthesis of the compound is described. Calculations show three minima, very close in energy and separated
by low-energy barriers (less than 4 kJ m9) in the ground-state potential energy profile of the molecule.
The method of matrix isolation enabled the reduction of the number of populated conformational states in the
experiment at low temperature due to the effect known as conformational cooling. As a result, the spectrum
of the as-deposited matrix of 5SEPT closely matches that of the most stable conformer predicted theoretically,
pointing to the existence of only this conformer in the low-temperature matrixes. In this structure, the dihedral
angle between the two rings, phenyl and tetrazole, is c.\8Bereas the ethyl group stays nearly in the
plane of the tetrazole ring and is as far as possible from the phenyl group. In situ UV irradiatio235

nm) of the matrix-isolated SEPT induced unimolecular decomposition, which led mainly to production of
ethylcyanate and phenylazide, this later compound further reacting to yield, as final product, 1-aza-1,2,4,6-
cycloheptatetraene. Anti-aromatic 3-ethoxy-1-pheryidiazirene was also observed experimentally as minor
photoproduct, resulting from direct extrusion of molecular nitrogen from 5EPT. This species has not been
described before and is now characterized by infrared spectroscopy for the first time.

The extensive applications of tetrazole-based compounds
stimulated research in areas such as the design of synthetic
methodologies and the reactivity of various tetrazolyl deriva-
tives. From the viewpoint of reactivity, tetrazoles are also really
interesting compounds. For instance, they have been shown to
exhibit a very rich photochemistry, which was found to be
strongly influenced by the nature of the substituents present on
the tetrazole ring324Also, the relative flexibility of the tetrazole
moiety to the introduction of diverse substituents leads to a
large diversity of photoproducts upon photolysis, including
biologically important heterocyclic ring systems other than
tetrazoleg>26

In spite of the importance and wealth of applications of

respectively), due to the ability of the tetrazole moiety to tetrazoles, very little attention has been given in the past to the

stabilize a negative charge by electron delocalizatidnln

study of this family of compounds at a monomeric level.

general, tetrazolic acids are strongly influenced by the effect of Recently, a research program aiming to fill this gap was started

substituents at the &-position# It has been held that 5-sub-
stituted-H-tetrazoles (RChH) may serve as a nonclassical
isostere for the carboxylic acid moiety (R@€) in biologically

active molecule$8-13 The term “nonclassical isosterism” (used

in our laboratories. The molecular structure, tautomerism,
vibrational spectra, and photochemistry of unsubstituted tetrazole
and some of its representative derivatives were investigated
within the framework of this project by a concerted approach,
using matrix isolation infrared spectroscopy and high-level DFT-

interchangeably with the term “bioisosterism”) refers to the
concept in which functional groups that have similar physico-
chemical properties may be interchangeable, resulting in similar
biological properties. In fact, the number of patent claims and
publications related to medicinal uses of tetrazoles continues
to grow rapidly*4~19 In addition, tetrazoles also show applica-
tions in agriculture® in photography and photoimagidgand

in the automobile industry as gas-generating agents for aif8ags.
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based theoretical calculatiofs:33

The use of matrix isolation technique, coupled to a suitable
probing method (e.g., FT-IR spectroscopy), represents an
appropriate approach to improve our understanding of the
photochemistry of tetrazole derivatives. The useful simplification
for the study of the mechanisms of photoreaction is that the
products of unimolecular photochemistry are cage-confined and
molecular diffusion is inhibited, precluding cross-reactions
involving fragments photoproduced from a different reactant
molecule from taking place. Besides, the studied guest molecules
do not rotate when they are embedded in a solid matrix host at
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low temperature (usually 1015 K), and additionally, when the  cell 3 whose compartments (sample container and valve nozzle)
matrix environment is inert (typically argon), the effects of were kept at 333 K during deposition of the matrix. Matrixes
inhomogeneous broadening of the vibrational bands are mini- were prepared by co-deposition, onto the Csl substrate of the
mized. Consequently, the vibrational bands in the spectra of cryostat cooled to 12 K, of 5EPT vapors coming out of the
matrix-isolated compounds become very sharp and narrow. ThusKnudsen cell and a large excess of the matrix gas (argon N60,
the matrix isolation approach makes possible the achievementAir Liquide) coming from a separate line. All experiments were
of a considerably high spectroscopic resolution, which increasesperformed using an APD Cryogenics closed-cycle helium
the probability of detecting chemical species produced in low refrigeration system with a DE-202A expander.
amounts during photolysis or those having IR absorptions of Irradiation of the samples was carried out with a 150 W xenon
intrinsically low intensity. Furthermore, due to the high resolu- arc lamp (Osram XBO 150W/CR OFR), through the outer KBr
tion of the method, it is possible to distinguish spectral signatures window of the cryostatA > 235 nm).
of different tautomers or conformers, which are usually closely  Computational Methodology. The quantum chemical cal-
located in the spectrum (typically, within a few wavenumbers). culations of the stationary points were performed at the DFT
An additional advantage results from the fact that the low- level of theory using the standard 6-3#+G(d,p) basis set and
temperature conditions can be used for trapping and spectro-the three-parameter density functional abbreviated as B3LYP,
scopic identification of, at least, some of the intermediate which includes Becke’s gradient exchange correéfiand the
transient products. Finally, due to the high resolution of the Lee, Yang, Parr correlation functiorf® Structural results for
method, it becomes possible to compare directly the experi- 5SEPD are provided in Table S1 (Supporting Information).
mental spectra with the results of theoretical calculations. Potential energy scans were performed using the 6-31G(d,p)
In view of the widespread interest in tetrazole-based com- basis set. The nature of the obtained stationary points was
pounds (in particular 5-substituted tetrazoles), and continuing checked through the analysis of the corresponding Hessian
our research program on the photochemistry of tetrazolyl matrix.
derivatives, 5-ethoxy-1-phenyHttetrazole (5SEPT) was selected DFT(B3LYP)/6-31H+G(d,p) harmonic vibrational frequen-
as the subject of the present investigation. Hence, in this work, cies and IR intensities were calculated at the optimized
5-EPT was synthesized and its structure, vibrational spectra,geometries. To correct the systematic shortcomings of the
and UV-induced photochemistry were studied by matrix isola- applied methodology (mainly for anharmonicity), the predicted
tion infrared spectroscopy, supported by extensive DFT- vibrational wavenumbers were scaled down by a single factor

(B3LYP)/6-31H+G(d,p) calculations. of 0.978. The theoretical normal modes, calculated for the
conformers of 5EPT T, G, and G'), were analyzed by
Materials and Methods calculating their potential energy distributions (PEDS) in the

molecule-fixed internal coordinate system as described by
- ) Schachtschneidét.The internal coordinates used in this analysis
verse methodologies to synthes[ze 5-.alko.xy- and 5-aryloxy-1- \ are defined following the recommendations of Pulay ef?al.,
aryltetrazoles have been descritfedd in view of the great  jn4 are Jisted in Table S2 (Supporting Information). The
importance of these compounds, from a synthetic point of View, gjements of potential energy distribution (PED) matrices are
as intermediates to the preparation qf 1-a|kyl-4-ary|-4,5-Q|hydro- given in Tables S3S5 (Supporting Information).
1H-tetrazol-5-ones via a thermally induced Chapman isomer- = ;¢4 culations in this work were carried out using the
ization3637In the present study, SEPT was prepared by a novel Gaussian 03 e
L . . ) prografi.

method, with high reaction yield. Small fragments of metallic
sodium (Na(s), 1 g; 43 mmol) were added carefully to a dry . .
ethanol solution (50 mL). The mixture was stirred at room Results and Discussion
temperature under an argon atmosphere until the effervescence DFT Structural Calculations: Molecular Geometry. The
had ceased (10 min). 5-Chloro-1-phenyi-fetrazole (1.3 g; molecule of 5-ethoxy-1-phenylH:-tetrazole has three internal
7.2 mmol) in dry ethanol (20 mL) was added, and the mixture rotational degrees of freedom, defined about-ti&s)—N1)—,
was stirred overnight at room temperature. The reaction was —O—C)—, and —O—C1gy— axes, which may result in the
monitored by thin-layer chromatography using a mixture of existence of different conformers (Figure 1).
dichloromethane/hexane (2:1) as eluent. The deposited white The dihedral angle around thegz-N(1) bond defines the
precipitate was filtered and washed with ethyl acetate (50 mL). relative orientation of the phenyl and tetrazole rings. Calculations
Ice—water (50 mL) was added to the combined organic extracts show that in all conformers these two rings have approximately
and the organic product extracted with ethyl acetatex (30 planar geometries. However, they do not share the same plane.
mL). The organic phase was dried ($&x) and evaporated to  In all forms the inter-ring CNCC angle was predicted by the
dryness to give 5-ethoxy-1-phenyHitetrazole as a white solid  calculations to be ca. 3qQsee Table S1).
(1.2 g; 88% yield; mp 325326 K). 'H NMR (400 MHz, The conformers with the cis orientation of theNCs)—
CDCl): 6 1.52-1.56 (3H, t), 4.69-4.74 (2H, q), 7.437.47 Ou7—Cg) angle bring the ethyl and phenyl groups in a close
(1H, 1), 7.527.55 (2H, t), 7.727.74 (2H, d). MS (El): m/z spatial proximity and result in very high relative energies (ca.
191 (M + H)*. The IH NMR spectrum of the compound is 84 and 79 kJ mof., for planar and nonplanar structures,
given in the Supporting Information. respectively). Such conformers are not relevant from the

Infrared Spectroscopy. The IR spectra of 5EPT were experimental point of view and may be disregarded. The
obtained using a Mattson (Infinity 60AR Series) Fourier conformers with the trans orientation of theyN-C)—O7y—
transform infrared spectrometer, equipped with a deuterated Cis) angle are energetically much more stable. They may differ
triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter, in the orientation of the ethyl group relative to the tetrazole
with 0.5 cnt! spectral resolution. To avoid interference from ring, which is defined by the conformation around thgs=
atmospheric KO and CQ, a stream of dry nitrogen continuously ~ O7) bond (see Figure 1).
purged the optical path of the spectrometer. The compound was The potential energy profile for internal rotation around the
placed in a specially designed doubly thermostatable KnudsenC1s—O17) bond in 5EPT is shown in Figure 2. This potential

Synthesis of 5-Ethoxy-1-phenyl-H-tetrazole (5EPT).Di-
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Figure 2. DFT(B3LYP)/6-31H+G(d,p) calculated potential energy
profile for internal rotation of the ethoxy group around thgsfSO7)
bond in 5-ethoxy-1-phenylH-tetrazole. Minima denoted T, G, and
G' correspond to the conformers with the same names in Figure 1.
The energy of the conformdr (the lowest energy structure) is equal
to —1 689 043.2 kJ mol (without the ZPE contribution) and was
chosen as the relative zero level.

noted above, in all experimentally relevant conformers of 5SEPT
the values of two of these dihedral angles (CNCC and NCOC)
are nearly equal and may be conveniently omitted from the
conformers’ names. In this work, the names of the relevant SEPT
conformers were then assigned according to the value of the
COCC dihedral angle they exhibitT (trans; most stable
conformer), G (+gauche), andG' (—gauche), which are
uniquely related to a COCC dihedral angle of ca.18680°,

and —80°, respectively. The optimized structures of theG,

and G' conformers of 5EPT, calculated at the DFT(B3LYP)/
6-311++G(d,p) level of theory, are depicted in Figure 1. No
other low-energy local minima were found.

The calculated potential energy profile shown in Figure 2
revealed that the energy barriers separating foBnand G’
from the most stable forrit are very low, amounting to less
than 4 kJ motl. In conformational studies of matrix-isolated
molecules, the knowledge of the barriers to intramolecular
rotations is very important. It is well-known that the possibility
of trapping a species in the matrix is related to the barriers to
intramolecular rotations separating it from lower energy spe-
cies* If a barrier is low enough (a few kilojoules per mole), it
can be surmounted even at low temperatures and the higher
energy species will relax into the lower energy counterpart
the so-called conformational cooling will occur. Recently, a
series of matrix isolation studies on the structure of conforma-
Figure 1. Optimized structures for the 5-ethoxy-1-phenif-fetrazole tionally flexible compounds was carried out in our laboratory
conformersT, G, andG’ (with atom numbering). Relative energies  in order to analyze the conformational cooling efféck? It
e e et Aot et oy ey W25 ShoW hat nraolecularenergy bairiers o than
Tis equalpto—l 689 043.2'kJ mot. Atoms 1-4 are n?t):ogens, and mol™* are effective_l_y Surpassed at 10 K, already at the stage of
atom 17 is oxygen. the matrix deposition. Barriers of at least 10 kJ mioare

required to trap a higher energy conformer in a matrix. Thus,
energy profile was calculated by incrementing the value of the based on this experience, one can also assume that the same
Cs)-Our—Cus—Cuyg) dihedral angle in steps of 2@nd fully phenomenon takes place in the case of SEPT, resulting in
optimizing all other geometric parameters. This relaxed potential "élaxation of the higher energy fornis,andG', into the lowest
energy scan revealed the existence of three local minima (seenergy conformerT. The experiment confirmed this expecta-
Figure 2), with relative energies falling into the-8 kJ molL tion: Figure 3 represents the spectrum of 5EPT isolated in an
range. The most stable structure exhibits the trans orientationargon matrix at 12 K, which is in excellent agreement with the
of the ethyl group relative to the tetrazole fragment, while the theoretically calculated spectrum of confornier
remaining conformers have the ethyl group in thgauche The occurrence of the conformational cooling is a very
position relative to the tetrazole ring. The energies of the latter fortunate situation, since the experimental spectrum of 5EPT is
forms (including zero point energy corrections) are 2.3 and 2.6 not complicated by conformational effects, which in turn will
kJ mol~t higher than that of the most stable form. facilitate the interpretation of the photochemical processes taking

It is logical to relate the names of different conformers to place in the matrix once subjected to in situ UV irradiatian (
the values of the conformationally relevant dihedral angles. As > 235 nm), that will be described in detail below.

AE = 2.6 kd mol”
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Figure 3. Infrared spectrum of 5EPT in the fingerprint region: (a) Spectrum of confoiimeailculated at the B3LYP/6-3#1+G(d,p) level of
theory. Calculated wavenumbers were scaled by a factor of 0.978. (b) Simulated spectrum of cohfdrmas created using Lorentzian functions
centered at the calculated (scaled) frequencies [shown in (a)] and with bandwidths at half-height equat*tdrt@nsities in this spectrum were
scaled arbitrarily. (c) Experimental spectrum of monomeric 5EPT trapped in an argon matrix at 12 K.

Considering the minimum energy structure of 5EPT (con- found for alkylamines (essentially pure—@! single bonds;
formerT in Figure 1), it can be easily verified that the molecule within the 145-147 pm rangép and, for instance, methylen-
assumes a geometry in which the ethyl group stays nearly inimine (H,C=NH, double bond; 127.3 pn§f.In simple diazines
the plane of the tetrazole ring and is situated as far as possible(pyrazine, pyrimidine, and pyridazine), where the CN bond
from the phenyl group (6—Ou7—Cus—Ng) dihedral angle lengths have a bond order of ca. 1.5 (conjugated system), the
~ 180), with an inter-ring twisting angle of 30 The value of bond lengths are ca. 133.5 fin3i.e., still considerably shorter
the inter-ring angle is largely determined by the balance amongthan the G-N inter-ring distance in 5-ethoxy-1-phenyHi
three factors: (i) steric repulsion between the substituents ontetrazole.
the tetrazole ring, which favor a nonplanar geometry; (ii) Infrared Spectrum of the Matrix-Isolated Compound (As-
conjugation of ther electron systems of both rings, favoring Deposited Matrix). The infrared spectrum of the matrix-isolated
their coplanarity; and (iii) intramolecular H-bond-like interaction 5EPT is presented in Figure 3, together with the B3LYP/6-
between the ortho-hydrogen atoms of the phenyl ring and the 311++G(d,p) theoretical spectrum of conformér As noted
negatively charged @, or N atoms located in the tetrazole above, the agreement between the experimental and cal-
side of the molecule (kby**N(2) and Hiey**O(17) interactions culated spectra is very good, enabling the full assignment of
can be expected to favor non-coplanar and coplanar arrangethe experimental bands. The assignments are provided in
ments of the two rings, respectively). Table 1 (results of vibrational calculations for the three con-

It has been verified that the first factor appears to be dominant formers of 5SEPT, including the definition of the used internal
for many molecules with two rings connected by a single coordinates, are provided as Supporting Information Tables S2
bond2%:325¥58 For instance, it is known that the chlorine S5).
substituent in 5-chloro-1-phenyHttetrazole (5CPT) is respon- ConformerT belongs to theC; symmetry point group; it
sible for the large inter-ring angle (%4 observed for this has 66 fundamental vibrations, all of them expected to be ac-
tetrazole derivativé! Hence, the steric effect due to the presence tive in the infrared. In agreement with the spectral data
of the chloro substituent at£in the 5SCPT molecule is clearly  previously obtained for a series of 1-phenyltetrazole based
more important than the corresponding effect caused by the compoundg/-2°31.3%he IR spectrum of 5EPT is constituted by
ethoxy group attached to the same position in 5EPT (inter-ring two groups of bands, i.e., one associated with the vibrational
angle; 30). In addition, the inter-ring dihedral angle in modes of the phenyl group and the other related to the tetrazole
5-methoxy-1-phenylHi-tetrazole was found to be 29° i.e., ring and the ethoxyl substituent.
smaller than in 5CPT and similar to that found for all 5EPT  The bands resulting from the first group show very small
low energy conformers (see Table S1), indicating that in the differences for 1-phenyltetrazole compounds; they appear in the
experimentally relevant conformers of these molecules (all spectrum of S5EPT at nearly the same frequencies as in

exhibiting the trans arrangement around th@s)— O 7j— axis) 5-methoxy-1-phenyltetrazofé, 1-phenyltetrazolé? 5-chloro-
the orientation of the ethyl substituent does not influence the 1-phenyltetrazolé? and 1-phenyltetrazolorf@.This result once
interaction between the two rings. again reinforces the idea that the presence of a second substituent

On the other hand, in 5EPT the conjugation of thelectron at the tetrazole ring does not have a strong influence on the
systems of phenyl and tetrazole rings does not seem to be veryphenyl group, being also in agreement with the predicted small
important, considering the estimated values for theNdnter- conjugation of ther electron systems of phenyl and tetrazole
ring distance (142.5 pm), which can be compared with those rings in 5EPT (also in agreement with these results is the
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TABLE 1: Observed Frequencies (cn?) for 5-Ethoxy-1-phenyl-1H-tetrazole in an Argon Matrix &b

approximate description calculated frequency intensity experimental frequency intensity
v(C—H P-ring 1/2) 3149.9 0.7 3203.6 w
v(C—H P-ring 1/2) 3144.6 0.3 3203.6 w
v(C—H P-ring 3) 3123.2 15.1 3203.6 w
v(C—H P-ring 4) 3111.6 11.1 3203.6 w
v(C—H P-ring 5) 3101.7 0.0 3075.6 w
vCH; as’ 3052.8 30.4 3075.6 w
vCHz as 3039.4 21.5 3075.6 w
vCH, as 3028.3 0.1 3003.9 sh
vCH; s 2992.1 143 3000.8/2985.2 wiw
vCHsz s 2973.0 121 2967.4/2955.3/2939.8 w/w/w
»(C—C P-ring 2) 1605.5 24.0 1593.2 m
v(C—C P-ring 4) 1598.0 33.0 1590.0 m
vC—O/N=C 1555.5 284.9 1567.2/1565.2/1552.5 S/shiw
O(C—H P-ring 2) 1499.2 115.2 1509.5 S
O0CH; 1484.2 26.0 1489.6/1481.3 wiw
O0CHz as 1466.6 34 1468.7 m
v(C—H P-ring 3) 1456.0 29.2 1462.3 m
O0CHz as’ 1452.8 9.0 1462.3 m
vC—N 1441.8 102.0 1453.0/1447.5 m/m
O0CHsz s 1392.6 69.9 1393.6/1388.5 S/sh
wCH, 1363.1 52.4 1363.9/1360.6 sh/m
vN=N 1342.2 35.9 1338.0 m
O(C—H P-ring 1) 1326.1 3.9 1321.8 w
v(C—C P-ring 3) 1299.6 5.6 1306.9 m
yN=C/yN—-C 1287.3 374 1299.4/1297.6 m/sh
twCH, 1271.8 1.2 1287.8/1285.5 sh/w
O(C—H P-ring 4) 1176.9 1.8 1177.2 w
0(C—H P-ring 5) 1158.9 0.3 1161.5 w
yCH3'"/yCH, 1150.0 3.6 1161.5 w
yN—N 1119.4 14.2 1135.7/1123.9 w/m
yCH3' 1103.0 39.1 1116.7 m
0(C—C P-ring 6) 1089.5 5.5 1105.2/1099.5/1093.0 shiw/w
o(T-ring 2) 1064.4 85.8 1071.9/1070.1 m/sh
v(C—C P-ring 5) 1041.8 9.7 1050.5/1047.6 shiw
vC—ClvO—-C 1017.5 95.8 1030.0/1026.0 S/sh
v(C—C P-ring 1)6(P-ring 1) 1014.0 11.2 1014.2 sh
»(C—C P-ring 1)6(P-ring 1) 994.9 0.1 997.8 w
y(C—H P-ring 5) 982.9 0.1 984.3 w
7(T-ring 2)PN—N' 974.1 5.0 978.3/973.8 wiw
7(P-ring 3)§(C—H P-ring 4) 966.1 0.1 978.3/973.8 wiw
y(C—H P-ring 3) 909.9 4.7 911.1/910.2/907.2 w/w/sh
vO—C 889.6 32.8 902.9/901.0/900.0/886.3/884.9 wi/w/w/wiw
y(C—H P-ring 2) 830.5 0.1 829.7 w
yCH3''lyCH, 798.5 0.6 809.9 w
O(T-ring 1)»C—O/v(C—C P-ring 1) 767.2 1.5 776.6/764.5 w/sh
y(C—H P-ring 1) 754.1 59.2 757.0/755.4 m/m
7(T-ring 2)/yCO 717.9 4.4 735.4/730.5 wiw
7(P-ring 1)k(T-ring 1) 690.0 13.5 697.2/694.6 wiw
o(P-ring 3) 681.5 15.0 685.7 m
7(T-ring 1) 679.1 15.7 684.0/682.1/670.9 m/shiw
o(P-ring 2) 616.3 0.2 617.2 w
OCOIONC 563.4 4.2 568.2 w
yNC 498.0 11.2 506.8 w
y(C—H P-ring 4)£(P-ring 3) 405.3 0.2 506.8 w
0OCCIHCN 385.2 2.3 506.8 w
yCO 353.5 4.2 506.8 w
00CC 325.0 5.6 506.8 w
OCN/z(T-ring 2) 298.5 2.3 506.8 w
7(P-ring 2) 258.2 0.7 506.8 w
7CHs 242.5 0.1 n.i. n.i.
0C—0O—CHy/6CN 176.1 1.8 n.i. n.i.
yCN/rC—-0 114.2 2.0 n.i. n.i.
C-0 88.0 0.9 n.i. n.i.
O(P-ring 1)ODNC/tC—-0O 76.2 0.4 n.i. n.i.
70-C 58.1 0.9 n.i. n.i.
7C—N 29.1 0.8 n.i. n.i.

aDFT(B3LYP)/6-311+G(d,p) calculated frequencies (ctnscaled by 0.978) and intensities (km mylare given for comparisort.Results
of calculations presented in this table concernTheonformer (see text for discussiom). bond stretchingy, bending;y, rocking; z, torsion; s,
symmetric; as, antisymmetric; P-ring, phenyl ring; T-ring, tetrazole ring. See Table S2 (Supporting Information) for definition of interizdtesord
S, strong; m, medium; w, weak, sh, shoulder; n.i., not investigated.

fact that the optimized structures of the various 1-phenyl- do not show any substantial differences in the geometry of the
tetrazole compounds already studféd?31-32including 5EPT, phenyl group).
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Figure 4. (A) DFT(B3LYP)/6-311+G(d,p) calculated spectra of the possible photoprodustsethylcyanate (the most stable conformer EC-A);

®, phenylazideO, ACHT; a, EPD (most stable conformer T-A). The calculated wavenumbers were scaled with a uniform factor of 0.978. (B)
Simulated infrared spectrum for the mixture of photoproducts. It was created using Lorentzian functions centered at the calculated (scadeh) freque
[shown in (A)] and with bandwidths at half-height equal to 4éniNote that the calculated intensities in the sum spectrum relate in the proportion
1:1:1:0.33, where 0.33 refers to EPD and unities refer to ethylcyanate, phenylazide, and ACHT. (C) Extracted spectrum of the photoproducts
formed after 60 min of UV irradiationd(> 235 nm) of 5EPT trapped in an Ar matrix. The extracted spectrum was obtained by subtraction of the
scaled spectrum of nonirradiated matrix from the spectrum of irradiated sample. The scaling factor was chosen so that the absorptions due to the
originally deposited compound (5EPT) were nullified.

As could be expected, in contrast to the phenyl vibrations, 1393.6/1388.5 and 1363.9/1360.6 cimrespectively. Finally,
the tetrazole ring vibrations are strongly affected by the the vC—C/hO—C mixed stretching mode is the last vibration
substituent at the @-position and differ considerably among among those giving rise to intense bands that were mentioned
different compounds. The most intense bands in the IR spectrumabove. It is observed at 1030.0/1026.0¢mi.e., within the
of SEPT are associated with modes originated in this characteristic frequency range for this mode in methyl esters
group, as well as in the ethoxy group, corresponding to the and methyl ethers (around 105050 cnt1).1?
vC—ON=C, vC—N, vN=C//'N—-C, vN—N, 6(T-ring 2), The remaining intense bands in the IR spectrum of 5EPT
vC—ClvO—C, 6CH3 symmetric, andvCH, vibrational modes belong to the phenyl moiety, being observed at 1509.5cm
(see Table 1 and also Table S2 for definition of coordinates). 6(C—H P-ring 2), 1462.3 cm! »(C—H P-ring 3) and 757.0/
The vC—O/vN=C vibrational mode, localized within both the  755.4 cnt! y(C—H P-ring 1) (see Table 1).
C)-Oary and Gs)-N4) bonds, gives rise to the most intense In Situ UV Irradiation Experiments (4 > 235 nm). To
band of the spectrum and occurs as a triplet at 1567.2/1565.2/study the photochemistry of the matrix-isolated 5EPT, in situ
1552.5 cm! (see Figure 3 and Table 1). In 5-methoxy-1- UV-irradiation @ > 235 nm) experiments were carried out. The
phenyltetrazol® the equivalent vibration absorbs as a site-split resulting photochemical processes were followed by IR spec-
doublet at 1572.3 and 1571.3 cf The vC—N vibration troscopy. The interpretation of the experimental data was
(associated with the §—Ny bond) gives rise to a doublet at  supported by extensive DFT calculations of the possible
1453.0/1447.5 cmt, while that ascribable to theN—C photoproducts and, whenever available, taking into consideration
coordinate (associated with theiN-Ce) inter-ring bond) is previously reported spectroscopic data obtained for putative
observed as a doublet at 1299.4/1297.6 tn(iTable 1). photoproducts.
According to the results of normal-mode analysis (see Table Upon irradiation, the bands due to 5EPT decrease in intensity,
S3), these coordinates are somewhat coupled withvireC indicating that the compound is being transformed in other
coordinate (especiallyN—C), which may justify their relatively ~ species, while new bands appear in the spectrum. The changes
high frequency. TheN—N vibrational mode, mainly localized  are particularly evident in the 236A700 cnt?! spectral region,
in the Ni3)-N4) bond, is observed as a doublet at 1135.7/1123.9 which is shown in Figure 4C (spectrum of the photoproducts).
cm™! and does also correspond to a considerably delocalizedThe photochemically induced opening of the tetrazole ring has
mode (see Table S3). Another intense band in the spectrum ofbeen found to be a common procéss464-69 As mentioned
5EPT is observed at 1071.9/1070.1¢ncorresponding to the  before, unsubstituted tetrazole easily eliminates molecular
tetrazole ringd(T-ring 2) vibration. In 5-methoxy-1-phenyltet-  nitrogen, leading to production of nitrilimine, which then
razole?® 1-phenyltetrazole, and 5-chloro-1-phenyltetraZékhe undergoes secondary photoreactions, such as isomerization to
equivalent vibrations appear at 1101.3/1096.9, 1089.5/1085.4,carbodiimide, cyanamide, or a hydrogen cyanide/nitrene com-
and 1109.1/1102.4 cm, respectively, and are also comparable plex23 The proposed reaction pathways resulting from irradia-
in intensity to the observed band of 5EPT. TdeH; symmetric tion of 5EPT are schematically shown in Scheme 1, and the
and wCH, deformational modes of the ethyl group give rise complete list of bands due to the products of photolysis is
also to relatively intense IR bands and appear as doublets atpresented in Tables 2 and 3.
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TABLE 2: Experimental and Calculated [B3LYP/6-311++G(d,p); Scaled by 0.978] Vibrational Frequencies (cm!) and
Calculated IR Intensities (km mol~1) for Ethylcyanate, Phenylazide and 1-aza-1,2,4,6-cycloheptatetraene (ACHT)
(Photoproducts Formed by Irradiation of 5-Ethoxy-1-phenyl-1H-tetrazole in Solid Argon?)

calculated
frequency (crmt)

approximate descriptién  sym intensity (km mot?) observed frequency (crH) literature frequency (cr)

ethylcyanate Cs (gas phasé)
vOCN as A 2297.2 237.9 2251.2/2245.3 2262/2255/2248
O0CH; A’ 1482.5 6.8 1480.0 { 1480
OCHs as A’ 1467.2 2.8 1474.7
O0CHz as' A" 1450.1 8.6 1439.6 1454
OCHs s A 1395.8 321 1386.2/1384.0 1401
wCH; A’ 1369.3 8.1 1379.6 1377
twCH, A" 1268.8 0.8 1287.0 1290
yCHz A" 1143.3 4.6 1136.6 1136
vOCN s A 1138.2 152.6 1133.8 1113
yCHg' A’ 1096.8 49.9 1085.0 1106
vCC A 985.8 41.5 997.5/992.0 1008
vC-O A 804.0 30.2 805.6 { 825
yCH5' A" 801.2 1.3 800.8 814
00OCN A 579.3 5.9 596.8

phenylazide Cs (N2 matrix)*?
vN=N=N as A 2191.4 843.5 2168.7/2130.3 2165/2157/2137/2128

2112/2102/2087

v(C—Cring 2) A 1600.5 59.2 1621.1 1598
»(C—C ring 4) A 1585.3 6.4 1579.7 1589/1585
8(C—H ring 2) A 1487.7 86.3 1502.3 1496/1491
vN=N=N s A 1336.4 151.2 1354.3/1352.7/1361.5 1398
8(C—H ring 1) A 1325.0 29.8 1318.7 1337
v(C—Cring 3) A 1296.8 18.2 1293.3 1305/1298
8(C—H ring 4) A 1174.6 2.4 1174.4 (?) 1176
vN—C A’ 1128.9 18.3 1125.2 1136/1131
»(C—C ring 5) A 1022.0 4.4 1025.2 1026
¥(C—H ring 3) A" 887.7 5.2 886.5 896
OCNN A 805.5 53 814.0 810
y(C—H ring 1) A" 744.9 68.7 740.4 751
7(ring 1) A 675.2 23.2 663.6 687
ONNN A’ 666.9 25.1 662.0 670

ACHT C1 (Ar matrix)8®
vC=C=N as 1913.1 202.2 1891.5 1895
O(C—H1) 1201.8 3.9 1222.3
0(C—H 2) 1110.9 15.2 1104.3/1102.3 1111
vN—-C 979.7 25.6 970.4 980
y(C—H 1) 951.4 3.0 939.4 { 940
y(C—H?2) 945.7 4.5 935.4
¥(C—H 3) 754.3 62.3 748.0 748
OCCN 685.0 455 689.7 683
7(ring 1) 663.8 28.2 652.4 658/650
yCCN 595.5 10.9 586.4 580

a Complete calculated spectra are presented in TableSSgSupporting Informationf.v: stretching;d: bending;y: rocking;z: torsion; tw:
twisting; ring modes were given the names in consonance with those used for S&Rulder.

The observed photochemistry of 5SEPT shows two major  As could be expected, and similar to what was previously
reaction pathways: (1) cleavage of the tetrazole ring through observed for the closely related molecule 5-methoxytetr&?ole,
the Gs)—N(y and N3)—N) bonds, with production of pheny-  the first observed photoprocess is clearly the preferred reaction
lazide and ethylcyanate as primary photoproducts (phenylazidechannel in 5EPT, as can be noticed by comparing the relative
can then undergo further reactions to give l-aza-1,2,4,6-intensities of the characteristic bands due to the different
cycloheptatetraene, ACHT), and (2) cleavage of thig\N(2) photoproducts appearing in the 2300700 cnv! spectral range.
and Nz—N) bonds, with molecular nitrogen elimination, All strong and medium intensity bands predicted for the two
leading to formation of the antiaromatic 3-ethoxy-1-pherfk1 ~ major products formed in pathway 1 (phenylazide and ethyl-
diazirene (EPD). Both observed photoprocesses imply cleavagecyanate) could be observed in the spectra of the irradiated matrix
of the Ni3)—N4) bond. The first one also implies disruption of (see Figure 4 and Table 2).
the Gs—N(1y bond, while the second one requires cleavage of Covalent cyanates (RO—C=N) are in general unstable
the Nyy—N) bond. These are the three formally single bonds compounds and isomerize into their thermodynamically more
in the tetrazole ring, with calculated lengths longer than 135.7 stable isocyanate derivatives. The cyanate structure is stable only
pm (Table S1, Supporting Information). ThejN-N3) and Gsy— in special cases, e.g., if the substituent, R, is an aryl gf®tip,

N@ bonds are considerably shorter (128.0 and 131.4 pm, or if the substituent is bulky, preventing the isomerization for
respectively, as calculated at the DFT(B3LYP)/6-34#1G(d,p) steric reason& 73 Ethylcyanate, CBCH,OCN, is not an excep-
level of theory), and represent the two double bonds of the tion. It isomerizes readily at room or higher temperatufes)d
tetrazolic system. Thus, the bonds that undergo cleavage in thethe process is believed to be autocatalyZeBecause of its
photoreactions correspond to the tetrazole ring’s weakest bondsinstability, ethylcyanate can only be stored at low temperature
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TABLE 3: Experimental and Calculated [B3LYP/
6-311++G9(d,p); Scaled by 0.978] Vibrational Frequencies
(cm™1) and Calculated IR Intensities (km mol?) for
3-Ethoxy-1-phenyl-1H-diazirene (EPD) (Photoproduct
Formed by Irradiation of 5-Ethoxy-1-phenyl-1H-tetrazole in
Solid Argon?d)

calculated

observed
approximate frequency  intensity frequency
descriptiof (cm™) (km mol?) (cmh
EPD
vC=N 1770.4 468.2 1724.5
O0(C—Hring 2) 1594.1 0.5 1572.7
0(C—Hring 1) 1579.0 0.5 1572.7
O0CH; 1486.0 10.9 14800
O6(C—Hring 4) 1479.7 11.6 1477.5
O0CHz as 1467.2 4.9 14747
yCHs' 1451.9 8.2 1445.6/1439.6
6(C—Hring 5) 1448.6 7.8 1425.6/1420.2
®CH, 1401.9 8.5 1348.8/1346.9
OCHsz s 1377.1 10.8 1388.1
OCN 1338.0 163.6 1324.2
O(C—H ring 2) 1321.7 7.7 1322.0
O6(C—Hring 1) 1296.9 12.2 129343
twCH; 1273.3 1.8 1278.8
&(C—H ring 4) 1192.0 54.2 1177.4
O(C—H ring 5) 1160.2 23.4 117444
»(C—C ring 5) 1154.1 6.8 1133.6
twCH, 1150.6 3.2 1133.6
yCHs' 1110.2 9.5 1111.2
v(C—C ring 5) 1079.0 4.6 1082.8
vO—C(Hy) 1028.3 203.2 1055.9
y(C—Hring 3) 1019.1 58.1 102592
»(C—Cring 5) 992.8 0.7 n.e.
y(C—Hring 5) 976.5 14.6 970.4
y(C—Hring 1) 976.0 111 970.4
y(C—Hring 2) 960.1 0.5 959.8
y(C—Hring 4) 906.9 25 8865
vC—-0 835.9 5.7 833.2
y(C—Hring 1) 822.1 1.1 821.0
y(NN(C)OY 806.0 4.8 805.6
yCHs' 800.5 0.7 800.8
7(ring 1) 763.8 37.7 788.8/784.7
7(ring 2) 712.2 11.5 735.6
7(ring 3) 677.7 35.2 682.2

aComplete calculated spectra are presented in Tables-S1P
(Supporting Information)® v, stretching;o, bending;y, rocking; z,
torsion; tw, twisting. Ring modes were given names in consonance
with those used for 5EPT.Overlapped with a band of ethylcyanate.
d Overlapped with a band of phenylaziden.o., not observed.C out
of the N—N—(C)—0O plane bending vibration.

and its application in chemical reactions requires its generation

in situ prior to us€> 77 For the same reason, little is known

Frija et al.

SCHEME 1: Proposed Pathways Resulting from
Irradiation of 5-Ethoxy-1-phenyl-1H-tetrazole in an
Argon Matrix through the Outer KBr Window of the
Cryostat (4 > 235 nm)

Pathway 2 N
hv

Ethylcyanate

f

CH;
o
v
H,C. c
\Né

Ethylisocyanate Phenylnitrene

the —C4)—O— axis (see Table S6, Supporting Information),
which may result in the existence of different conformers.
The potential energy profile for internal rotation around the
—Cw—0O— bond in ethylcyanate (see Figure 5) was cal-
culated by incrementing the value of the-C—O—C dihedral
angle and fully optimizing all other geometric parameters. This
relaxed potential energy scan confirmed the existence of three
local minima, which are associated with conform@rsG,
and G' (structuresG and G' are mirror images). The energy
barrier separating th& and G' forms from the most stable
form T is very low, amounting to less than 4 kJ mbl The
optimized geometries of these conformers were obtained at the
DFT(B3LYP)/6-311-+G(d,p) level of theory and are depicted
graphically as Supporting Information in Tables S6 and S7.
Similarly to the matrix-isolated 5EPT, the photochemically
produced ethylcyanate can also be expected to undergo con-
formational cooling, since the barrier to intramolecular rotation
remains low in this species. This justifies the excellent cor-
respondence between the observed features ascribable to eth-
ylcyanate and the theoretical spectrum of Theonformer.

In pathway 1, phenylazide is produced together with ethyl-
cyanate (Scheme 1). The photogeneration of phenylazide in

experimentally about ethylcyanate structure and spectroscopy.argon matrix has been reported previously, and formation of

The IR®7°and NMR8 spectra of the compound were recorded
in cold CCl, solution. Gas-phase investigations on this sub-
stance include only early m&8sind microwavé! spectroscopic

l-aza-1,2,4,6-cycloheptatetraene (ACHT) unequivocally dem-
onstrated’ The vibrational spectra of matrix-isolated pheny-
lazide®® and of ACHT®* are thus well-known, and their

studies. More recently, gaseous ethylcyanate has been generatgdentification could be made here without any difficulty (see

from the gas/solid reaction oD-ethyl thiocarbamate with

Table 2). Under the experimental conditions used, phenylazide

mercury oxide, and characterized in the gas phase by infraredreacts with relatively low efficiency, in particular when com-

spectroscopy?

In the present study, all bands previously observed in the
gas-phase spectrum of ethylcyarfatould be identified in the
spectra of the irradiated matrix (Table 2), unequivocally

pared to the reactions undergone by the tetrazole compounds.
The intermediate for this reaction is, with all probability, the
singlet phenylnitrene, which has been fotftd easily undergo

ring expansion to ACHT (the calculated ground-state energies

testifying the presence there of this species. Very interestingly, for these two species favor the latter compound by ca. 80 kJ
no evidence of isomerization of ethylcyanate to ethylisocyanate mol™?).

was found, indicating that under the experimental conditions

Characteristic bands of ACHT were clearly identified in

used ethylcyanate is stable in relation to the isomerization to the spectra of the irradiated matrix. Particularly evident is the

the isocyanate.
It is worth noticing that ethylcyanate has one intramolecular

band mark associated with the intense antisymmetric stretching
vibration of the ketenimine moietwC=C=N as) of ACHT,

degree of freedom, corresponding to internal rotation around observed at 1891.5 crh (Figure 4). Other bands previously
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20 geometries of the three conformers of EPD, calculated at the
a DFT(B3LYP)/6-311+G(d,p) level of theory, are included as
Supporting Information in Tables S3®12. Once again,
conformational cooling is expected to occur for this species,
justifying the observed good agreement between the calculated
spectrum of the most stableconformer and the experimental
data, thus facilitating the interpretation of the photoprocesses
occurring in the matrix.

- -
© N [=2]
L L L

Relative Energy / kJ mol™

£
L
-

Conclusions

o

-

60 120 180 240 300 360 DFT(B3LYP)/6-311+G(d,p) calculations performed in this
Dihedral C-C-O-C angle / degrees study predict that, in the gaseous phase, 5EPT should exist in
three different conformers. However, only the most stable of
these forms was observed for the compound isolated in an argon
matrix at 12 K. The potential energy profile for the internal
rotation of the ethyl group in 5EPT was calculated, revealing
that the energy barriers separating the two minima of higher
energy from the most stable form are very low (less than 4 kJ
mol~1). Previous studies show that transitions over such low
barriers occur readily during deposition. Thus, it is expected
that only the lowest energy conformer of 5EPT should be
retained in the deposit. After UV irradiatiod & 235 nm) of
0 . Y . ‘ . the matrix, two different reaction pathways could be identified,

0 60 120 180 240 300 360 both corres_ponding to clea\_/age of the tetrazole ring: pa_thway
Dihedral C-C-O-C angle / degrees 1, production of phenylazide and ethylcyanate as primary

. . photoproducts; and pathway 2, molecular nitrogen elimination,
Figure 5. DFT(B3LYP)/6-311+G(d,p) calculated potential ener : ; . :
prgfiles for inte(rnal rote)ltion of the éth%)xy group aropund the-@0) ¥ leading to formation of the antiaromatic 3-ethoxy-1-pherit-1
bond in ethylcyanate (EC) (a) and 3-ethoxy-1-phertgidiazirene diazirene (EPD). The primarily formed phenylazide (pathway
(EPD) (b). The energies of the conformeTs (the lowest energy 1) is partially converted into 1-aza-1,2,4,6-cycloheptatetraene
structures) are equal t6247.338 011 and-533.742 444 hartrees for ~ (ACHT), with all probability involving the singlet phenylnitrene
EC and EPD, respectively (without the ZPE contribution) and were as intermediate. The identification of the photoproducts was
chosen as the relative zero levels. Minima denoted G, T, amh@e  carried out taking into account both the theoretical spectra for
g”lrc‘)’fscloz"essmnd to the lower energy conformers (Tables S6, S7, andy,q gitterent putative products and the available literature data

, Supporting Information). . .
on those compounds. The conformational cooling occurrence

described as fingerprints of this compound could also be clearly Verified during this work-relaxation of the high energy forms
identified in the spectra (Table 2). of both reagent (5EPT) and products (ethylcyanate and EPD)

Note also that, as found previously for UV irradiation of into their lower energy structuredacilitated the interpretation
5-methoxytetrazof@ and 1-phenyltetrazolone monomers iso- Of the processes taking place in the matrix.
lated in argor? triplet phenylnitrene (reported to be present in
low-temperature matrixes as a result of direct photolysis of Acknowledgment. The authors are grateful to Fundagara
isolated phenylazid) was not observed in the present study. & Citncia e Tecnologia (FCT) and FEDER for financial support
As previously suggested:?9the absence of triplet phenylnitrene ~ (Project Nos. POCI/QUI/59019/2004 and POCI/QUI/58937/
may result from the fact that phenylazide is produced together 2004) and Grants SFRH/BD/17945/2004 (L.M.T.F.) and SFRH/
with other species and might interact with them in the matrix BPD/1661/2000 (I.D.R.). A.G.-Z. is a member of the Research
cage, eventually making inaccessible the pathway which would Career of CONICET (National Research Council, Argentina).
lead to formation of the triplet nitrene.

In reaction pathway 2, the extrusion of molecular nitrogen  Supporting Information Available: *H NMR data for
from the tetrazole ring leads to formation of a three-membered 5-ethoxy-1-phenyl-#i-tetrazole (5EPT); Table S1, B3LYP/6-
heterocyclic ring, namely 3-ethoxy-1-pheny-Hiazirene (EPD, 311++G(d,p) optimized geometries for the most stable con-
Scheme 1), which to the best of our knowledge has never beenformers of 5EPT; Table S2, definition of internal coordinates
described before. The elimination of molecular nitrogen after used in the normal-coordinate analysis of SEPT; Tables S3
irradiation of tetrazole compounds to give diazirenes has alreadyS5, calculated [B3LYP/6-3H+G(d,p)] vibrational data for the
been describe®.32Diazirenes can be easily identified because three low-energy conformers of SEPT; Tables-$32, calcu-
their most intense bandC=N) occurs in a “clean” region of lated vibrational data for the different photoproducts of SEPT
the spectrum (18561720 cnt?), appearing as a suitable (ethylcyanate, phenylazide, l-aza-1,2,4,6-cycloheptatetraene,
fingerprint for this family of compounds. In the spectra of the 3-ethoxy-1-phenyl-#i-diazirene). This material is available free
irradiated matrix, the band corresponding to this vibration was of charge via the Internet at http://pubs.acs.org.
clearly identified at 1725 cri (see Table 3 and Figure 4).
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